In mammals, the COUP-TF-family consisting of two structurally related proteins, COUP-TFI and COUP-TFII belongs to the orphan member of the steroid/thyroid hormone receptor superfamily. In an attempt to gain insights into the role of COUP-TFII, we examined developmental expression pattern of the mouse COUP-TFII focusing our studies on endoderm-derived tissues, pancreas and liver in particular. Independent lines of transgenic mice expressing Escherichia coli b-galactosidase driven by the COUP-TFII promoter were generated. Embryonic expression of the b-gal protein at day 9 of gestation was detected in the notochord, the ventral neural tube and, interestingly, in the gut endoderm, a site where COUP-TFII has not been detected previously. Between 9.5 and 11.5 dpc, b-gal expression pattern that was established earlier persisted and sections revealed a staining of the common atrial chamber of the heart. At 15.5 dpc, b-gal activity was found in all endoderm-derived tissues. We found that COUP-TFII mRNA and protein were present in fetal and adult hepatocytes. Finally, COUP-TFII expression was detected in pancreas, as judged by co-expression of the b-gal in some of the glucagon and PDX1 positive-cells at 12.5 dpc and co-expression with insulin positive-cells at 15.5 dpc. In adult pancreas, COUP-TFII protein was present in the endocrine islet cells. q
Introduction
COUP-TF proteins are members of the steroid/thyroid hormone receptor superfamily consisting of many ligandactivated transcriptional regulators as well as a growing number of orphan receptors (Blumberg and Evans, 1998) . Two distinct forms of COUP-TF have been identified in mammals: COUP-TFI/EAR2/NR2F1 and COUP-TFII/ ARP1/NR2F2. Sequence comparison reveals a high similarity between these two proteins. COUP-TFs are nuclear phosphoproteins that exist in solution as homodimers and bind DNA by a Zn-finger DNA-binding domain (DBD) to a wide variety of diverse GGTCA repeat orientations and spacings. COUP-TFs can also form heterodimeric complexes with RXR, a universal heterodimeric partner of many nuclear receptors. Based on targeted disruption in mice, both COUP-TFs appear to be essential and have non-redundant functions. However, COUP-TFII is required earlier in development than COUP-TFI (Pereira et al., 1999; Qiu et al., 1997) . Disruption of both COUP-TFII alleles in mice was shown to lead to an early embryonic lethality and revealed COUP-TFII as a novel effector that contributes to heart and blood vessel formation. Loss of a single copy of COUP-TFII results in heterozygote insufficiency and poor postnatal viability (Pereira et al., 1999) . Furthermore, COUP-TFII gene expression was shown to be regulated by two important morphogenic signals, sonic hedgehog and retinoic acid (Pereira et al., 2000) .
COUP-TFII has been postulated to be involved in the transcriptional regulation of a large number of genes implicated in mouse development and differentiation of the three germ layers. In addition, using in vitro approaches, numerous genes involved in metabolism have been identified as COUP-TFII target genes. These include genes for several apolipoproteins for lipid transport in the blood, several enzymes involved in b-oxidation (mitochondrial and peroxisomal) and fatty acid synthesis. It has been shown that COUP-TFII is able to repress transcription of some of these genes and activates others (Lou et al., 1999; Pereira et al., 2000) . In this regard, we have recently identified COUP-TFII as a putative component of the glucose-responsive transcriptional complex in the liver and, most likely, other organs involved in metabolic regulation (Lou et al., 1999) .
Here, we describe a developmental and tissue-specific expression analysis of COUP-TFII using transgenic mice with the mouse COUP-TFII promoter driving the Escherichia coli b-galactosidase reporter gene. In a previous study, using knock-out mice, the lacZ allele was not inserted into the targeted alleles (Pereira et al., 1999) and, consequently, COUP-FII expression pattern was exclusively studied at the mRNA level, above all by in situ hybridization. However, discrepancies persisted between the different studies, which may be attributed to differences in the hybridization stringency and probes used. In addition, the early embryonic expression pattern of COUP-TFII has yet never been investigated in detail. We found embryonic expression of the bgal protein at 9.0 dpc in the notochord, the ventral neural tube and, interestingly, in the gut endoderm, a site where COUP-TFII has not been detected previously. At 9.5 dpc, this b-gal expression pattern persisted and b-gal expression was additionally observed in the atrial chamber of the heart. At later stages, b-gal activity was found in all endodermderived tissues. We also found presence of COUP-TFII mRNA and the protein during the onset of liver development in hepatoblasts and in adult hepatocytes. In addition, we also observed co-expression of b-gal in some glucagon and PDX1 positive-cells at 12.5 dpc and co-expression with insulin at 15.5 dpc embryos. In adult pancreas, COUP-TFII protein was detectable in the endocrine islet cells.
Results and discussion

Generation of mCOUP-TFII lacZ transgenic mice
To direct b-galactosidase reporter gene expression by COUP-TFII promoter, we isolated a murine genomic clone containing the entire COUP-TFII gene and used 4.3 kb of the 5 0 -flanking sequence including 1.5 kb 5 0 -untranslated region of the COUP-TFII mRNA fused to the E. coli lacZ gene. Several transgenic founder mice were produced using this fusion gene and two of the transgenic lines containing two and five integrated copies, respectively, were further investigated. In order to study the pattern of COUP-TFII promoter activity, these two lines were bred and transgenic offsprings were analysed for patterns of bgal activity from day 9 through day 15.5 of gestation.
Offsprings from these founders exhibited reproducible and specific patterns of b-gal expression.
COUP-TFII expression during mouse development
Fig . 1A shows whole-mount stained 9.0 dpc embryo (18 somites). The lacZ transgene was strongly expressed with similar patterns in embryos derived from both founders (not shown). The staining revealed expression in the ventral part of the developing neural tube (floorplate), from the forebrain to the posterior end. Interestingly, this pattern at this time point is strikingly reminiscent to that of HNF3b, which is required for development of node and visceral endoderm (Ang et al., 1993; Dufort et al., 1998; Weinstein et al., 1994) . Fig. 1A also shows a strong b-gal expression all along the gut endoderm. In order to better define b-gal activity in this region, the microdissected gut endoderm epithelium (Bossard and Zaret, 1998) was examined for activity ( Fig. 1A inset) , which confirmed the observed staining in the whole embryo. No signal was seen in the cardiac mesoderm as it was previously reported by in situ hybridization (Pereira et al., 1999) . b-gal activity was first detected in heart at 9.5 dpc when there are about 25 somites formed (Fig. 1B) . The expression pattern established earlier persisted and was seen throughout the notochord and the ventral part of the neural tube as well as the gut endoderm. In addition, the 9.5 dpc embryo sections ( Fig. 1C ) revealed a staining of the foregut region, the common atrial chamber of heart, the notochord and ventral region of the neural tube. The mCOUP-TFII promoter activity observed in the 9.5 dpc persisted at 11.5 dpc ( Fig. 1D) , with appearance of spotty bgal activity in pancreatic cells. Subsequently, during organogenesis, transgene expression was detected in all tissues derived from endoderm (lung, pancreas, stomach, intestine, bladder, oesophagus and thyroid) ( Fig. 1E and data not shown). However, due to the short COUP-TFII promoter used, we did not detect b-gal activity in the liver anlage and in 15.5 dpc liver section ( Fig. 1E and data not shown).
COUP-TFII expression in embryonic and adult pancreas
Since pancreas plays a major role in metabolic regulation, we examined the temporal and cellular specificity of mCOUP-TFII expression during pancreatic development in transgenic mice. We showed b-gal activity in the pancreatic cells of stained COUP-TFII 11.5 and 15.5 dpc embryos (Fig. 1D, E) . To ensure the specificity of the pancreatic cells, an immunostaining with glucagon, PDX1 and insulin was performed. We observed expression of the b-gal in some glucagon and PDX1 positive-cells at 12.5 dpc, as shown by blue and brownish staining, respectively ( Fig. 2A-C) . At 15.5 dpc, insulin-positive cells were detected by immunofluorescence giving a yellow intense signal, being overlapped with COUP-TFII-bgal expressing cells (in blue; Fig. 2D , E) resulting in a green signal (Fig. 2F) . In parallel, we performed immunohistochemistry using anti-COUP-TF antibodies on adult pancreatic sections. COUP-TF expression was detected in the typical architecture of the spherical islet in the nucleus and surprisingly in the cytoplasm (Fig. 2G) . We tested nuclear and cytoplasmic specificity by absorption with specific and heterologous antigens and observed total disappearance of the nuclear staining and partial disappearance of the cytoplasmic staining. All type of islet cells expressed COUP-TF as demonstrated by co-staining with insulin, glucagon, somatostatin and pp (data shown). To further determine COUP-TFII expression in islet cells, semi-quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) analysis was performed using total RNA from adult islet cells (Fig. 2H) . After 30 cycles, when specific proinsulin 1 and 2 and hprt, amplification products could be visualised by an ethidium bromide staining (data not shown), COUP-TFII transcripts were detectable only by a radioactive PCR. This suggests a low level of expression of COUP-TFII compared to that of proinsulin in islet cells.
COUP-TFII expression in embryonic and adult liver
As mentioned above, we detected b-gal activity in all organs derived from the endoderm except in the liver. However, Karathanasis et al. (Mietus-Snyder et al., 1992) previously showed that COUP-TFII mRNA was uniformly present throughout the adult hepatocyte population. We, therefore, sought to investigate the developmental and adult expression of COUP-TFII gene, in liver, in detail, using semi-quantitative RT-PCR. As shown in Fig. 3A , COUP-TFII mRNA level was constant from 12.5 to 17.5 dpc. To determine whether COUP-TFII was expressed in hepatoblasts or in hematopoietic cells, co-localization of COUP-TFII with HNF4, a hepatic marker, was performed. Fig. 3B , C clearly demonstrate that COUP-TFII was expressed only in HNF4-positive hepatoblasts. The COUP-TFII mRNA levels observed at one day postnatal (Fig. 3A, lane 7) and at adult stage (Fig. 3A, lane 8) , were similar to those observed during liver development. Using hepatocytes from perfused adult liver, we also found that COUP-TFII is expressed in hepatocytes as we observed in total liver (Fig. 3A, lane 9) . The control albumin mRNA was present during the onset of liver development and in adult liver (Fig. 3A) . Semi-quantitative RT-PCR analysis in Fig. 1 . Analysis of b-galactosidase expression pattern in mCOUP-TFII promoter/lacZ transgenic mice embryos. (A) Lateral view of a whole-mount b-gal staining of a 9.0 dpc embryo. The inset corresponds to the detection of b-gal activity in isolated gut endoderm epithelium; (B) Whole-mount b-gal staining of a 9.5 dpc embryo. The inset corresponds to the isolated gut endoderm epithelium; (C,D) b-gal staining of a transverse section of an embryo at 9.5 and 11.5 dpc; (E) b-gal activity in a parasagital section of a 15.5 dpc embryo. Abbreviations: vnt, ventral neural tube; nt, neural tube; n, notochord; g, gut; h, heart; fg, foregut; ac, atrial chamber of heart; pp, pancreas primordium; m, midgut; li, liver; lu, lung; s, stomach; b, bladder. Scale bars in B, C, 200 mm; in A, D, 500 mm; in E, 2 mm. parallel for COUP-TFI and COUP-TFII showed that COUP-TFII expression was about 50-fold higher than for the structurally related COUP-TFI (data not shown).
Immunofluorescence staining for COUP-TF on a liver section indicated that around 60-70% of hepatocytes were stained with a strong signal in the nuclei (Fig. 3D) . The nuclear localization of COUP-TFII was more remarkable in primary culture of hepatocytes: the majority of the nuclei were not stained homogenously with some hepatocytes showing accumulated COUP-TFII at the rim of the nuclei or as patches ( Fig. 3E and framed) . A similar staining pattern has been described for the sea urchin SpCOUP-TF protein and an exogenous hCOUP-TF protein (Vlahou and Flytzanis, 2000) . Taken together, our observations suggest that regulatory sequences for the activation of the COUP-TFII gene in developing liver may be located either upstream or downstream of the 4.3 kb genomic region we used in the transgene mCOUP-TFII promoter-lacZ. Our result highlighting the presence of COUP-TFII in the liver is consistent with the well-documented role that has been ascribed to this factor in the regulation of liver-specific genes including vHNF1, hHNF4, apolipoproteins and L-PK (Hatzis and Talianidis, 2001; Lou et al., 1999; Pereira et al., 2000) .
In conclusion, we provide specific analysis of COUP-TFII expression pattern in transgenic mice during development for the first time, which will help to determine its function. Our studies predict a role for COUP-TFII in liver and in pancreas, two organs that are essential in maintaining glucose homeostasis. Tissue specific conditional knockout of the COUP-TFII gene will differentiate its role in gene expression for the early phases of organogenesis from that for the maintenance.
Experimental procedures
Plasmid construct and generation of transgenic mice
All animals used in these experiments received humane care according to the criteria outlined in the 'European Convention for the protection of laboratory animals'. Mouse129Sv PAC genomic clone containing the entire COUP-TFII gene was isolated by screening the RPCI21 library (from the resource center of the German human genome project) using an open reading frame fragment of the human cDNA COUP-TFII as a probe and subcloned into pCR3 BamH I vector. To construct the mCOUP-TFII promoter-lacZ vector, a 4355 bp BamH I-Bsa I, a fragment 5 0 -upstream of the COUP-TFII ATG coding sequence, was blunted and subcloned into an blunted Hind III site of the polylinker of pSKT-b-galactosidase. DNA fragment by digesting mCOUP-TFII-lacZ with Xho I and Spe I for fertilised eggs injection was prepared from B6D2 strain and transgenic mice were generated as described in Cuif et al. (1992) . F0 transgenic mice were identified by Southern blot hybridization with a lacZ probe of mouse-tail DNA digested with Xba I. All studies were performed on F1 mice. Embryos were collected at different gestational times, plugs in the morning being counted as day 0.5 post-coitum (E0.5). Genotyping was carried out by PCR using lacZ specific primers.
Detection of b-galactosidase activity and histology of mouse embryo
Embryos or section of frozen pancreas and liver from adults mice were fixed in a solution containing 2% formaldehyde, 0.2% glutaraldehyde, 0.01% sodium deoxycholate and 0.02% Nonidet P-40 in phosphate-buffered saline (PBS) at 48C for 10-90 min. Embryos were then washed three times in PBS. For detection of b-galactosidase activity, the specimens were incubated in a solution containing 0.4 mg/ml X-gal, 4 mM K 3 Fe(CN) 6 , 4 mM K 4 Fe(CN) 6 and 4 mM MgCl 2 overnight at 308C. After revelation embryos or slides were washed again in PBS. For histology, embryos were dehydrated in graded ethanol followed by two times in Histoclear and embedded in paraffin. Sections were cut at 7-10 mm.
RT-PCR
Islets of langerhans were isolated from male C57Bl6/CBA mice by collagenase digestion of pancreas and Ficoll density gradient centrifugation as described in Gotoh et al. (1985) . Islets were cultured overnight in RPMI 1640, 11 mM glucose, 10% FCS and penicillin/streptomycin before RNA extraction. Total RNA extraction was performed using TRI reagent (Sigma). Dissected embryonic liver, mature tissues and hepatocytes from perfused mice liver (as described in (Leclerc et al., 2001) ) were dissolved in RNA-Pluse (Appligen) to prepare RNA. RT-PCR was performed with RNA (1.5 mg), which was first treated with DNAse I, RNAsefree (Deltour et al., 1992; Wilson and Melton, 1994) . The forward and reverse primers were (5 0 -3 0 ): albumin; cttaaaccgatgggcgatctcact, ccccactagcctctggcaaaat, proinsulin 1 and 2 (Deltour et al., 1992) ; ggcttcttctacacaccca, cagtagttctccagctggta, COUP-TFI; caaagccatcgtgctattca, cttttctcctggtttgcagc, COUP-TFII, gactccgccgagtatagctg, gcccaacacaggagttgttt, hprt;gctggtgaaaaggacctct, cacaggactagaacacctgc. Hprt primers were used to normalise the RT-PCR reaction and RT without the reverse transcriptase was used as a negative control.
Immunohistochemistry
The antibody used was directed against the GST-fusion protein containing the N-terminal part of the human/rat/ mouse COUP-TFII (residues 1-32) as described by Chu et al. (1998) . The purified peptide antibody was generated in rabbit by CovalAb's customised antibody production service. The specificity of the antibodies was established by EMSA and Western blotting using full-length recombinant COUP-TFII, or full-length in vitro transcribed/translated COUP-TFI, EAR3, HNF4 and RXR. The COUP-TF antibody could distinguish between COUP-TF and EAR3, HNF4 and RXR DNA binding complexes and proteins.
Primary antibodies were used at the following dilutions: rabbit anti-COUP-TF 1:50; guinea pig anti-insulin 1:200 (Dako); rabbit PDX1 1:1500 (kindly provided by O. Madsen, Hagedorn Research Institute, Gentofte, Denmark); guinea pig anti-glucagon 1:400 (Jackson), rabbit HNF4 1:50 (kindly provided by M. Yaniv, Institut Pasteur, France). Primary antibodies were detected either by immunofluorescent labelling with FITC-conjugated anti-guinea pig (1:400) or anti-rabbit (1:200) or Texas red anti-rabbit (1:200) IgG secondary antibodies (Vector or Jackson) or by immunoperoxidase using a Vectastain ABC kit (Vector) using DAB.
